The configuration of the ascidian tadpole larva represents the most simplified and primitive chordate body plan. The present study revealed that Ciona intestinalis contains two hedgehog genes (Ci-hh1 and Ci-hh2), which are likely to be independent duplicate genes in this animal and ancestral to the three types of hedgehog gene of vertebrates. Ci-hh1 was expressed maternally and its maternal transcript was distributed evenly in fertilized eggs and early embryos. Ci-hh2 was expressed zygotically in the tailbud embryo and its transcript was evident only in cells of the ventral nerve cord. The notochord cells did not express the hedgehog genes in Ciona embryos. q
Results and discussion
hedgehog (hh) was identified as a gene for a secreted signalling protein required for specification of positional identity in Drosophila embryonic segmentation (Nüsslein-Volhard and Wieshaus, 1980) . The Hh protein is also involved in numerous other aspects of embryonic, larval and adult development in the fly. Mammals have three hh homologs, Sonic hedgehog (Shh), Desert hedgehog (Dhh), and Indian hedgehog (Ihh), all of which play key roles in development (Hogan, 1999; Chuang and Kornberg, 2000; Taipale and Beachy, 2001) . The Hh proteins function as morphogens, signals that elicit concentration-dependent responses from target cells. Among the three Hh homologs, Shh protein expression is restricted to the notochord and floor plate in vertebrate embryos (Marti et al., 1995) , and Shh appears to be able to induce ventral motor neurons and interneurons at specific dorsal-ventral positions of the neural tube (Chuang and Kornberg, 2000) .
The ascidian tadpole larva consists of about 2600 cells that form several distinct types of tissues, which include an epidermis, the dorsal central nervous system, endoderm, mesenchyme, notochord and muscle. The configuration of the ascidian larva represents the most simplified and primitive chordate body plan, and ascidian larvae therefore provide an experimental system to explore the cellular and molecular mechanisms underlying the differentiation and function of embryonic cells (Satoh, 1994 (Satoh, , 2001 Satoh and Jeffery, 1995; Di Gregorio and Levine, 1998; Satou and Satoh, 1999) . The tail region of the ascidian larva contains the notochord in the center and the nerve cord in the dorsal region. The nerve cord consists of only about 70 ependymal cells, aligned in four rows, namely, the dorsal row, left and right rows and ventral row, each composed of single cells (see Fig. 2I ). Nevertheless, the pattern of developmental gene expression suggests similarity between the ascidian nerve cord and the vertebrate posterior neural tube. FoxA ( forkhead/HNF3-b), for example, is expressed in the notochord cells and the ventral row of nerve cord cells in ascidians (Corbo et al., 1997; Olsen and Jeffery, 1997; Shimauchi et al., 1997) , while the vertebrate cognates are expressed in the notochord and floor plate (Ang and Rossant, 1994) .
Here we characterized the ascidian hedgehog genes. The genome of Ciona intestinalis contains at least two hedgehog genes; maternally expressed Ci-hh1 and zygotically expressed Ci-hh2. A cDNA clone for Ci-hh1 was 2333 bp in length, and the predicted protein consisted of 557 amino acids ( Fig. 1A ; DDBJ/GenBank/EMBL Accession #AB078508). The encoded protein contains a longer Nterminus than Ci-Hh2, amphioxus Hh and human Shh (Fig. 1A) . The Ci-hh1 cDNA clone has been isolated and characterized independently by A. Di Gregorio, J. Corbo and M. Levine (personal communication) . On the other hand, a cDNA clone for Ci-hh2 was 1690 bp in length, and the predicted protein consisted of 407 amino acids ( Fig. 1A ; DDBJ/GenBank/EMBL Accession #AB078509). Both Ci-Hh1 and Ci-Hh2 contain the conserved amino acid residues (Fig. 1A , shown in red boxes), which are involved in and/or essential for palmitoylation, autocleavage, and covalent binding of cholesterol. However, the N-terminal signal peptide was found only in Ci-Hh2 (Fig. 1A) .
The genome size of C. intestinalis is estimated to be about 160 Mb and the number of genes approximately 15,500 (Simmen et al., 1998) , and they are now under investigation in a cDNA project (http://ghost.zool.kyoto-u.ac.jp; Satou et al., , 2002 as well as a whole genome sequence project (http://www.jgi.doe.gov/; JGI, Department of Energy, USA and http:/ghost.zool.kyoto-u.ac.jp/; Kyoto University, Japan). Surveys of these projects suggest that Ci-hh1 and Ci-hh2 are the only two sequences for C. intestinalis hedgehog genes.
To examine the relationships of Ci-hh1 and Ci-hh2 to the three types of hh genes (Sonic, Indian and Desert hh genes) in vertebrates, a molecular phylogenetic analysis was performed by using the approximately 300 amino acid residues underlined in Fig. 1A . As shown in Fig. 1B , Ci-Hh1 and Ci-Hh2 formed a distinct clade which was supported by a 98% bootstrap value, and this clade was completely different from the clades of vertebrate Shh, Ihh, and Dhh. This suggests that Ci-hh1 and Ci-hh2 evolved by duplication of a mother gene independently in this animal, and that both are ancestral to the three types of hh genes in vertebrates, as also seen in the case of amphioxus hh (Shimeld, 1999) .
Northern blot analysis showed that the hybridization band for the Ci-hh1 transcript was intense in unfertilized as well as fertilized eggs (data not shown). The band intensity decreased as cleavage proceeded, and the signal became undetectable by the gastrula stage. Zygotic expression of Ci-hh1 was not detected during Ciona embryogenesis up to the larval hatching stage. On the other hand, the expression of Ci-hh2 was not detected by the present Northern blot analysis (data not shown), suggesting that only a small amount of zygotic Ci-hh2 transcript exists in embryos.
Whole-mount in situ hybridization demonstrated that the maternal transcript of Ci-hh1 is distributed evenly in the cytoplasm of fertilized eggs ( Fig. 2A) . This pattern of distribution of Ci-hh1 mRNAs was ascertained in embryos at the 8-cell stage (Fig. 2B ) and 32-cell stage (Fig. 2C) . The intensity of the hybridization signal decreased to the background level by the gastrula stage (data not shown).
The in situ hybridization signal for the expression of Cihh2 was not detected by the neurula stage (Fig. 2D) , but was first detected at the early tailbud stage (Fig. 2E) . The signal was seen in a row of cells in the tail region, running along the antero-posterior axis and situated immediately dorsal of the notochord (Fig. 2E ). This location of Ci-hh2-positive cells became more evident in embryos at the middle tailbud stage (Fig. 2F) , and the positive cells were located in the nerve cord. The expression was seen in the entire nerve cord, but the visceral ganglion did not show the hybridization signal (Fig. 2G) . The configuration of the ascidian nerve cord is rather simple and consists of dorsal, bilateral, and ventral rows (Fig. 2I) . Examination of cross-sectioned embryos clearly showed that only the ventral row of cells expressed Ci-hh2 (Fig. 2H, I ). The expression of Ci-hh2 was not observed in the notochord cells (Fig. 2E-H) . This pattern of Ci-hh2 expression was retained at the late tailbud stage but the gene expression was downregulated by the larval stage (Fig. 2J, K) .
Materials and methods

Ascidian eggs and embryos
Adults of C. intestinalis were maintained under constant light to induce oocyte maturation. Eggs and sperm were obtained surgically from the gonoduct. After insemination, embryos were reared at about 188C in Millipore-filtered seawater containing 50 mg/ml streptomycin sulfate.
Isolation and characterization of cDNA clones for Ciona hedgehog genes
cDNAs for Ci-hh1 were found in clones of the C. intestinalis EST project of mRNAs expressed in fertilized eggs (Nishikata et al., 2001) . Its cluster ID is 04262 (see http:// ghost.zool.kyoto-u.ac.jp); one clone from the adult cDNA library contained the entire coding sequence. Because Cihh1 was expressed maternally during embryogenesis, we searched for a zygotically expressed hedgehog gene (Cihh2). cDNA clones for Ci-hh2 were isolated by screening of the tailbud-embryo cDNA library with a Ci-hh1 probe. Nucleotide sequences of cDNAs for both genes were determined for both strands using a Big-Dye Terminator Cycle Sequencing Ready Reaction kit and an ABI PRISM 377 DNA sequencer (Perkin Elmer).
Sequence comparisons and molecular phylogenetic analysis
The amino acid sequences of the hedgehog gene products were aligned on the basis of maximum similarity using Clustal W. Gaps and insertions were excluded from the analysis. Molecular phylogenetic relationships among the hedgehog gene products were estimated using the neighbor-joining method (Saitou and Nei, 1987) with the PHYLIP ver. 3.5c package (Felsenstein, 1993) . The degree of support for internal branches of the tree was assessed by bootstrapping (Felsenstein, 1985) .
Northern blot analysis
After extraction of total RNA by the AGPC method, Northern blot hybridization was carried out according to the standard procedures (Sambrook et al., 1989) and filters were washed under high stringency conditions. DNA probes for blot hybridizations were made from the entire cDNAs of Ci-hh1 or Ci-hh2 and were labeled with [ 32 P]-dCTP using a random primed labeling kit (Roche Japan). The probe for Ci-hh1 did not detect transcript of Ci-hh2, and vice versa.
Whole-mount in situ hybridization
To determine the distributions of mRNAs for Ci-hh1 and Ci-hh2 in Ciona eggs and embryos, RNA probes were prepared using a DIG RNA labeling Kit (Roche Japan). Probes for Ci-hh1 and Ci-hh2 were made from the entire coding region of the cDNAs, but they did not detect transcripts of the other gene as in the case of Northern blot analysis. Whole-mount in situ hybridization was performed using digoxigenin-labeled antisense probes as described previously (Satou and Satoh, 1997) . Control embryos that were hybridized with sense probes did not show signals above background.
